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ABSTRACT

Vascular networks are of great significance in tissue engineering and viewed as the first step
to fabricate human tissues. While various techniques have been investigated to create vascular
and vascular-like networks, the fabrication of standalone pure collagen-based vascular constructs

is still a challenge due to the poor extrudability, weak mechanical property, and long cross-



linking time of pure collagen solutions. In this study, a fugitive pattern-based printing-then-
casting approach is investigated. The proposed alginate-based fugitive ink has the excellent
mechanical strength (by adding Laponite), printability (by adding Laponite nanoclay), and
controllable gelation rate (by adding disodium hydrogen phosphate). Using this fugitive ink,
complex vascular-like structures can be easily printed and cross-linked in Laponite EP bath as
fugitive vascular tree patterns. Each fugitive vascular tree pattern is then embedded in a gelatin
baths to make a gelatin mold with the tree patterns. With the help of sodium citrate, the fugitive
vascular tree-pattern is liquefied and removed to create the gelatin mold with vascular channels.
Finally, a standalone collagen vascular network scaffold embedded with fibroblasts can be
fabricated by casting cell-laden collagen suspension into the gelatin mold and releasing it from
the mold at 37°C. The cell-related investigations indicate that the cells grow and spread well in
the pure collagen vascular network scaffold. The proposed hybrid printing-then-casting approach
also provides a feasible technology to fabricate with materials having low viscosity, long

gelation time and poor mechanical property.

1. INTRODUCTION

Vascular networks, which deliver nutrients and oxygen to and remove metabolic byproducts
from the organ systems, are of great significance and viewed as the first step to manufacture
human tissues '. Typically, there are a few key components in a vascular network: the vascular
lumen which functions as the source and sink for soluble and suspended factors, three-layered
standalone vessels which may be integrated inside thick tissues or free standing, and/or

extracellular matrix (ECM) which reside in the interstitial zone between standalone vessels. The



applications of vascular networks range from 3D cell culturing %, to drug screening **, to tissue

engineering ' ¢, to microfluidic devices for mixing ’ and biomimicry ® and disease modeling °.

Due to its excellent cyto-compatibility, pure collagen is the most abundant protein in
mammalian bodies and has been one of the most promising biomaterials for tissue engineering
applications '*'*. It can provide mechanical support as well as control over cell adhesion and
migration and tissue repair '°. Moreover, collagen is the major stress-bearing component of the
fibrous extracellular matrix of blood vessels due to its fibril-forming structure '°, and has the

potential as the matrix material of the media layer of standalone vessels '

, which may be
integrated inside thick tissues or free standing. Unfortunately, the viscosity of pure collagen is
relatively low, preventing its wide applications in biofabrication-based tissue engineering, and no

standalone vessel-based vascular networks/vascular network scaffolds have been reported thus

far.

There are two main fabrication strategies investigated for the fabrication of vascular and
vascular-like networks: sacrificial/porogen material-based fabrication and direct printing of
network structures. For the sacrificial material-based approach, networked channels/lumens are
usually created in bulk constructs (with or without living cells) using either embedded printing
sacrificial rod-shaped tree patterns directly in bulk materials *° (embedded printing, which can
incorporate living cells into bulk materials as needed) or casting cell-laden materials over pre-

21-23  Material

formed (usually by printing) sacrificial scaffold patterns (printing-then-casting)
extrusion ** is usually the key printing technology to fabricate either rod tree patterns or scaffold
patterns. After the two-dimensional (2D)/three-dimensional (3D) sacrificial patterns are

fabricated and/or cast over, proper cross-linking stimuli are introduced to solidify the (cell-laden)

hydrogel blocks which enclose them, resulting in the embedded sacrificial patterns in the gelled



(cell-laden) blocks. Then the sacrificial patterns are removed from the gelled constructs to create
embedded vascular networks. Since extruded filaments are used directly to form 2D/3D
sacrificial patterns, there are some constraints in adopting such a sacrificial material-based
approach. Unfortunately, the vascular networks are part of the entire tissue construct as
fabricated, and there is no standalone vessel structure distinguishable from neighboring ECM.
Furthermore, the sacrificial material-based approach requires that the (cell-laden) matrix material
should have the yield-stress property to effectively entrap rod tree patterns in situ during
embedded printing or the sacrificial materials should have the rapid solidification property to

retain the printed shape during printing-then-casting.

Alternatively, direct printing of vascular networks and/or vascular network scaffolds has
been investigated as a free-form fabrication approach. During direct printing of cell-laden
network structures, different 3D printing techniques have been adopted, such as inkjet printing *>
%7 laser printing >, and material extrusion . Due to its high printing efficiency, wide range of
applied materials and easy implementation, material extrusion has been widely utilized in 3D
printing, in which ink materials are printed into complex 3D structures either in a support bath **
3! or directly in air ****. However, such extrusion-based freeform printing approach requires cell-
laden bioinks either to have mechanical stiffness to be printed in and removed from yield-stress
support bath ***' or to have the rapid solidification property and self-supporting property to be

directly printed in air > .

For collagen construct fabrication, usually other hydrogels with fast gelation rate, such as
poly(ethylene glycol) diacrylate (PEGDA) 3 and alginate/gelatin blends 33 are mixed with
collagen to facilitate 3D collagen structure fabrication. Thus far, pure or high-concentration

collagen has not been explored to create 3D complex constructs, especially standalone vessels.



Neither the sacrificial material-based approach nor the direct printing approach works for the
fabrication of pure collagen-based vascular structures. As aforementioned, the sacrificial
material-based approach cannot create a standalone media layer of collagen. For the extrusion-
based direct printing approach, since pure collagen constructs have weak mechanical properties
36:37 they cannot be safely harvested from the yield-stress support bath after printing; since

collagen-based bioink usually takes half an hour to three hours to solidify depending upon

temperature conditions, it cannot be directly printed either.

Herein we propose a hybrid printing-then-casting approach to fabricate standalone collagen
vessel-based vascular networks/vascular network scaffolds embedded with living cells, which
can be further seeded with endothelial cells and cast over fibroblasts to make three-layered
networks as needed. This hybrid approach combines the advantages of 3D printing such as
customized design and manufacturing of freeform 3D complex vascular structures and the merits

of casting which are not limited by the gelation rate and rheological property of collagen bioinks.

2. EXPERIMENTAL SECTION

2.1. Material preparation. Fugitive printing ink preparation. For the preparation of alginate-
based fugitive ink, 6.0% (w/v) sodium alginate (NaAlg, Sigma-Aldrich, St. Louis, MO) was
mixed with 3.0% (w/v) Laponite XLG (BYK Additives Inc., Gonzales, Texas) and 4.0%
disodium hydrogen phosphate (Na,HPO,, Sigma-Aldrich, St. Louis, MO) by dispersing the
3appropriate amount of dry NaAlg, Laponite XLG and Na,HPO4 powders in deionized (DI)
water at room temperature with continuous mixing. The mixing was performed by using an

overhead stirrer (Thermo Fisher Scientific, Waltham, MA) at 500 rpm for a minimum of 60



minutes to ensure thorough hydration of the powders. To improve the visibility, Eosin Y
disodium salt (Sigma-Aldrich, St. Louis, MO) was added to the prepared composite hydrogel
suspension at a concentration of ~0.1% (w/v). Before printing, fugitive ink was degassed using a
centrifuge (5804R, Eppendorf, Hamburg, Germany) at 2000 rpm for 5 minutes to remove

entrapped bubbles.

In addition, 2.0%, 4.0%, 6.0% and 8.0% (w/v) NaAlg solutions were prepared for the
investigation of the effects of alginate concentration on the mechanical property and diffusion
and gelation time. Furthermore, Laponite XLG was mixed with 6.0% (w/v) NaAlg at
concentrations of 1.0%, 2.0%, 3.0% and 4.0% (w/v) to determine the optimal mechanical
property and rheological property, and Na,HPO4 was mixed with 6.0% (w/v) NaAlg at
concentrations of 1.0%, 2.0%, 3.0% and 4.0% (w/v) to determine the optimal diffusion and

gelation time.

Support bath preparation. Laponite EP suspension-based support baths were prepared by
dispersing the appropriate amount of dry Laponite EP powder in DI water at room temperature
with continuous mixing for a minimum of 60 min to ensure thorough hydration of the Laponite
solids. Laponite EP suspensions were stored in the dark in sealed containers to prevent
degradation and evaporation and aged for one day. Calcium chloride (CaCl,, Sigma-Aldrich, St.
Louis, MO) was used as the cross-linking agent to cross-link sodium alginate structures in the
Laponite EP bath. CaCl, solutions with concentrations of 0.25%, 0.50%, 1.00%, and 2.00% (w/v)
were prepared by dispersing the appropriate amount of dry powder in DI water at room
temperature with continuous mixing to investigate the effects of CaCl, concentration on the
mechanical property and diffusion and gelation time. For printing applications, 4.0% (w/v)

Laponite EP suspension with CaCl, (0.5% (w/v)) was prepared by mixing aged stock Laponite



EP (8.0% (w/v)) with aqueous 1.0% (w/v) CaCl, at 1:1 (v:v) and aged for at least one day before

use.

Molding solution preparation. Gelatin (Type A, 300 bloom, from porcine skin, MP
Biomedicals, Solon, OH) was used as the sacrificial molding solution and prepared by dispersing
the appropriate amount of dry gelatin powder in 37°C DI water with continuous mixing.
Specifically, 5.0%, 10.0% and 15.0% (w/v) gelatin solutions were prepared to investigate the
gelation time and mechanical property of gelatin at different concentrations. To improve the
visibility, black, red, and blue food dyes (McCormick, Hunt Valley, MD) were added to the

gelatin solutions with concentrations of 5.0%, 10.0%, and 15.0% (w/v), respectively .

Preparation of sodium citrate and collagen solutions. Sodium citrate (Na;CsHsO7, VWR,
West Chester, PA) solution was used as the liquefaction agent to liquefy gelled alginate
structures and was prepared by dispensing the appropriate amount of powder in DI water at room
temperature with continuous mixing. Specifically, sodium citrate solutions with different molar
concentrations (0.055, 0.110 and 0.220 mol/L) were prepared to test the liquefaction rate as well
as the effects of sodium citrate concentration on the gelatin mold geometrical variation. Collagen
(Type I, 8.56 mg/mL, Corning, NY), used as the casting solution, was prepared at the
concentration of 3 mg/mL and neutralized per the manufacturer’s protocol and stored in ice
before use. In particular, the appropriate volume of phosphate buffered saline (PBS, 10x, MP
Biomedicals, Solon, OH) was added into a sterile tube first. Then the appropriate volume of cold
sodium hydroxide (NaOH, IN, Sigma Aldrich, St. Louis, MO) solution was mixed with the PBS
solution in the sterile tube. After that, the appropriate volume of DI water or cell-laden
Dulbecco’s Modified Eagles Medium (DMEM) (Sigma Aldrich, St. Louis, MO) suspension was

added to the 10x PBS / IN NaOH mixture. Finally, the appropriate volume of collage I was



mixed with the mixture in the sterile tube to make the neutralized collagen solution or cell-laden
collagen suspension, respectively. The effect of NaOH concentration on the cell viability was not

investigated herein, which is to be studied if it is of application concern.

2.2. Printing system and printing protocols. The extrusion-based 3D printing system was a
micro-dispensing pump machine (nScrypt-3D-450, nScrypt, Orlando, FL), and all printing was
conducted in ambient conditions. For alginate-based vascular tree pattern printing, a 25-gauge
(250 pm inner diameter and 38.1 mm length) dispensing nozzle (EFD Nordson, Vilters,
Switzerland) was used to deposit fugitive inks based on the designed path. The step distances
along both the horizontal (x-) and vertical (z-) directions were set as 200 pum. The printing
pressure was 1.38x10° Pa (20 psi), and the path speeds were 1.5 mm/s and 1.0 mm/s for vertical
and branched section printing, respectively. After printing, the alginate-based vascular tree
patterns were kept in the Laponite EP-Ca®" bath for 24 hours for completely cross-linking and

then taken out of the bath for residual Laponite rinsing as detailed in a previous study >'.

Digital 3D models for the various 2D patterns herein were designed using SolidWorks
(Dassault Systemes SolidWorks Corp., Waltham, MA), and the codes and their instructions were

manually programmed accordingly.

2.3. Rheological property measurement. Rheological properties of alginate-based fugitive
inks were measured using a rheometer (Anton Paar MCR 92, Ashland, VA) with a cone-plate
measurement geometry (a diameter of 50 mm, a cone-to-plate gap distance of 100 um, and a
cone angle of 1.00°). Frequency sweeps were performed by varying the frequency from 0.1 to
100 rad/s to investigate the effects of Laponite XLG on the fluid-like behavior of alginate-based
fugitive inks, and the strain was controlled at 1.0%. Steady shear rate sweeps were conducted by

varying the shear rate from 0.01 to 500 s™ to determine the relationship between the viscosity and
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shear rate of the 6.0% (w/v) NaAlg solution mixed with Laponite XLG at different

concentrations.

2.4. Mechanical property measurement. Tensile test. A uniaxial tensile test was performed
using a mechanical tester (eXpert 4000, Admet, Norwood, MA). Dogbone-shaped samples were
fabricated by casting alginate-based solutions in a customized PDMS mold and cross-linked in a
CaCl, bath for 12 hours. Then, tensile tests were performed at a strain rate of 1.0 mm/min and
the stress-strain curve was determined based on the load and displacement data as well as the
geometry of samples. The effective Young’s modulus was calculated from the slope of the linear
zone of the determined stress-strain curve. Specifically, samples made of different concentrated
alginate solutions which were cross-linked by CaCl, at different concentrations were tested to
investigate the effects of NaAlg and CaCl, concentrations on the mechanical properties. To
investigate the effects of Laponite XLG on the mechanical properties, 6.0% (w/v) NaAlg mixed

with different concentration Laponite XLG were cast and tested.

Compression test. Compression tests of gelatin samples at different concentrations were
performed using the same eXpert 4000 mechanical tester at a strain rate of 1.0 mm/min. The
cylindrical samples (®9.5 mm X 8.5 mm) were fabricated by casting in a customized PDMS
mold and the stress-strain curve was determined based on the load and displacement data as well

as the geometry of samples.

2.5. Diffusion and gelation time test. To mimic the diffusion and gelation process, alginate-
based solutions were poured in a customized PDMS mold with a length of 20.0 mm, a width of
20.0 mm and a depth of 0.4 mm, and then submerged in a CaCl, bath to undergo a cross-linking
process. The color and stiffness changes were used as the criteria to assess the gelation of the

alginate-based solutions, and the time, at which the bottom of the sample changed its state from
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liquid to solid, was recorded as the diffusion and gelation time. Specifically, the alginate samples
at different concentrations were cross-linked in CaCl, baths of different concentrations to
investigate the effects of concentration on the diffusion and gelation time. 6.0% (w/v) NaAlg
mixed with Na,HPO, at different concentrations were submerged in a 0.5% (w/v) CaCl, bath to

assess the influence of Na,HPOj as the cross-linking retardation agent.

2.6. Liquefaction test. Fugitive ink consisting of 6.0% (w/v) NaAlg, 3.0% (w/v) Laponite
XLG and 4.0% (w/v) Na,HPO,4 was poured in a customized PDMS mold (£9.5 mm X 5.0 mm)
and cross-linked using 0.5% (w/v) CaCl,. Then the gelled alginate-based samples were taken out
of the PDMS mold and submerged in sodium citrate baths (10 mL) at different molar
concentrations (0.055, 0.110, and 0.220 mol/L) and incubated on a shaker at room temperature.
Liquefaction rate was determined by monitoring the mass loss over 4 hours, which was

calculated as follows:
. M, ;
Weight loss= ——— 100
M

where M, was the initial mass of samples, and My was the final mass after each testing period.

2.7. Characterization of geometrical variation. 10% (w/v) gelatin samples (£9.5 mm x 5.0
mm) were prepared by casting in a customized PDMS mold and submerged in sodium citrate
baths (10 mL) at different molar concentrations (0.055, 0.110, and 0.220 mol/L) for 2 days. The
diameter and height of the samples were measured every 12 hours and the dimensional variation

was calculated as follows:

Dimensional change=
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where D, was the initial diameter or height of the samples, and Dy was the final dimensions after

each testing period.

2.8. Cell-laden collagen construct casting and in vitro cell studies. Suspended NIH-3T3
mouse fibroblasts (ATCC, Rockville, MD) were used to prepare cell-laden collagen suspensions.
Specifically, the final cell density was 5x10° cells/mL for the morphology and cell viability test
and 1x10° cells/mL for the metabolic activity test. The cell-laden collagen suspensions were
neutralized per the manufacturer’s protocol and then injected into the gelatin molds with a
pipette. Then the injected gelatin molds were submerged in a Dulbecco’s Modified Eagles
Medium (DMEM) (Sigma Aldrich, St. Louis, MO) bath at room temperature (22°C) for 2 hours,
and each collagen vascular network scaffold was cross-linked in the gelatin mold at the same
time. Finally, the gelatin molds with the embedded collagen vascular network scaffold were
submerged in a DMEM bath at 37°C to melt gelatin and release the cross-linked collagen

constructs.

The cell-laden collagen networked constructs were cultured for 3 days in DMEM
supplemented with 10.0% Fetal Bovine Serum (FBS) (HyClone, Logan, UT) in a humidified 5.0%
CO; incubator at 37°C. The cell morphology of constructs on Day 0 and Day 3 was each
examined by staining with fluorescein diacetate (FDA, Sigma, St. Louis, MO) at a final
concentration of 10.0 pg/mL and Hoechst 33342 (Sigma Aldrich, St. Louis, MO) at a final
concentration of 10.0 pg/mL, incubated in the dark for 5 minutes at room temperature, and
imaged using the green fluorescent and blue fluorescent channels of a fluorescence microscope

(EVOS FL, ThermoFisher Scientific, Waltham, MA) at 4x magnification.

For cell viability testing, the constructs were washed with 1.0x Phosphate Buffered Saline

PBS, Hyclone, Logan, Utah) for three times, and then digested with 0.1% Collagenase from
y g g g
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Clostridium histolyticum (Sigma Aldrich, St. Louis, MO) for 5 minutes, which was repeated
three times to remove collagen completely and get the cell suspension. After that, 10 pL cell
suspension was mixed with 10 pL of 0.4% trypan blue (Sigma Aldrich, St. Louis, MO) to test the
cell viability. The cell viability was measured by counting live cells (unstained) and dead
(stained, blue) cells in a hemacytometer with a transmitted-light microscope (EVOS XL,
ThermoFisher Scientific, Waltham, MA). For metabolic activity testing, the cellular constructs
were incubated for three days while the same volume cell-laden collagen suspension was kept as
ungelled in a 96-well plate as a control group. The metabolic activity of the cells in the cast
constructs and the control group was evaluated using the alamarBlue assay (Thermo Scientific,
Rockford, IL) on Days 1, 2, and 3, respectively, per the manufacturer’s protocol. The resulting
fluorescence intensity was recorded using a fluorescence microplate reader (Synergy HT, Biotek,

Winooski, VT).

2.9. Statistical analysis. All quantitative values of measurements in the figures were
reported as mean + one standard deviation (SD) with n = 3 samples per group. Statistical analysis
was performed using analysis of variance (ANOVA) and p-values of less than 0.05 were

considered statistically significant.

3. RESULTS AND DISCUSSION

3.1. Mechanism of hybrid printing-then-casting approach. This proposed hybrid
fabrication approach includes 3D printing of fugitive alginate vascular tree patterns for molding
and casting of collagen suspensions into a gelatin mold, which is made from fugitive alginate

patterns. During extrusion-based 3D printing, a Laponite support bath-enabled fabrication
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method *' is utilized to fabricate a complex 3D vascular-like structure as the vascular tree pattern
from a fugitive material. Herein, sodium alginate (NaAlg), a natural polysaccharide, is selected
as the fugitive and reversible cross-linking material for its unique properties including its
versatile functionality, gentle cross-linking kinetics, low cost, biocompatibility, low toxicity and
environmental friendly nature **. The subsequent casting step consists of two sub-steps: 1)
molding with a sacrificial molding material by embedding the printed alginate vascular-like tree
pattern in the sacrificial material bath to make the mold. Gelatin, a natural hydrogel derived from
collagen, is selected as the sacrificial molding material due to its biocompatibility, cross-linking
reversibility, and recyclability; and 2) casting cell-laden collagen suspensions into the mold to

make vascular constructs.

As shown in Figure 1a-1, a vascular tree pattern is first printed in a Laponite EP-calcium
chloride (CaCl,) bath using a NaAlg solution. Laponite EP is selected as the support bath

material since its pH value close to neutral and can be readily used for bioprinting " **.

n
addition, organic modification has been performed during Laponite EP preparation which can
reduce its ionic sensitivity, enabling Laponite EP miscible with some ionic solutions while
retaining its original rheological properties *'. Thus, calcium cations (Ca*") can be mixed with
Laponite EP to cross-link the printed alginate structure in the Laponite EP bath. When the a-L-
guluronic acid (G units/blocks) of NaAlg interacts with calcium cations in the support bath,
calcium cations form interchain ionic bonds between G blocks, resulting in a stable calcium
alginate network as shown in Figure 1a-2. To ensure the mechanical property of the printed
vascular tree pattern, both the concentrations of NaAlg and CaCl, solutions are optimized for a

stable “printing-then-solidification” process as described in the previous studies *'. After cross-

linking, the solidified vascular tree pattern is harvested from the Laponite bath and submerged in

13



a gelatin bath at 37°C in order to form a gelatin mold with an embedded calcium alginate pattern
as shown in Figure 1b-1. By decreasing the temperature of the gelatin bath to room temperature,
some segments (e.g. repeating amino acid sequence glycine-proline-hydroxyproline) in the
gelatin molecular chains adopt the triple helical conformation, forming junctions between gelatin
molecules. This results in a calcium alginate tree pattern-embedded bulk gelatin mold as shown
in Figure 1b-2. Then, the bulk gelatin mold is submerged in a sodium citrate bath as shown in
Figure 1c-1. With the help of sodium citrate, the solidified calcium alginate tree pattern is
liquefied as shown in Figure 1c¢-2. After removing the liquefied residual alginate solution from
the solidified gelatin, a gelatin mold with an annular vascular channel is fabricated as shown in
Figure 1c-3. Finally, a neutralized cell-laden collagen precursor suspension is poured into the
gelatin mold at room temperature as shown in Figure 1d-1. Collagen molecules are comprised of
three parallel polypeptides (a-chains) which coil around with each other to form a right-handed
triple-helical chain. Under different conditions, collagen can be cross-linked either chemically or
physically *. Herein, sodium hydroxide (NaOH) is used as the cross-linking agent to adjust the
pH value of the collagen precursor to around 7, enlist the amino and carboxyl groups on collagen
molecular chains to form new covalent bonds and finally solidify the cast collagen vascular
construct at room temperature (Figure 1d-2). By increasing the temperature to 37°C, the triple
helical conformation of gelatin molecules is disentangled (Figure 1d-3), and the gelatin mold

melts and releases the solidified cell-laden collagen vascular construct as shown in Figure 1d-2.

3.2. Design of alginate-based fugitive inks. The design of alginate-based fugitive inks for
pattern making during “printing-then-solidification” and subsequent molding is critical for the
proposed hybrid approach to be successful. An ideal fugitive ink should satisfy the following

criteria: the resulting pattern should be strong enough to survive the post-printing
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rinsing/cleaning process, the fugitive ink should have good printability, and the solidification

process is easily tunable during pattern making.

Strong vascular tree pattern is critical for the subsequent molding process. After cross-linking,
the alginate-based pattern needs to be taken out of the Laponite bath, and some post-treatments
are needed to rinse residual Laponite EP suspensions away from the surface and lumen of the
printed vascular tree pattern. Thus, the mechanical strength which is needed to ensure the pattern
integrity during the post-treatment rinsing process is adopted as a criterion to determine the
formula of fugitive inks. For the evaluation of the mechanical strength of alginate-based vascular
tree patterns during the Laponite rinsing process, a simplified mechanics model is used based on

the schematic shown in Figure 2a. Using Lame’s equation, the radial stress (o,) and hoop stress

(o) can be calculated as and ;

respectively, where r;is the inner radius, 7, is the outer radius, 0 is the inner pressure, 0 is the
outer pressure, and r is the radius measured from the center. Based on the dimensions of the
vascular tree pattern and the zero-shear-rate viscosity of the Laponite EP suspension (Figure S1),
the maximum stress in the vascular tree pattern during rinsing is the hoop stress (200 kPa) at the
inner surface of the lumen (»=r;) as detailed in Supporting Information S1. For a tree pattern to

survive during rinsing, it should have a fracture strength higher than 200 kPa.

Since alginate is the functional component of fugitive inks in this study, the effect of NaAlg
and CaCl, concentration on the mechanical strength is investigated. It is noted that the
mechanical strength of 3D printed parts depends on the mechanical strength of each layer and the
interfacial strength between adjacent layers. Different concentration combinations of NaAlg and

CaCl, solutions are studied first to obtain a relatively high mechanical strengths of each cross-
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linked layer as shown in Figures S2 and S3 (Supporting Information). To ensure the interfacial
strength of the vascular tree pattern, the “printing-then-solidification” procedure is utilized, in
which printed layers are at liquid state and fuse well with each other during printing *'. Thus, the
diffusion and gelation rate of alginate gelled with CaCl, at different concentrations are
investigated as shown in Supporting Information S4. The results are summarized as a phase
diagram illustrated in Figure 2b. As seen from Figure 2b, it is found that 6.0% (w/v) alginate
and 0.5% (w/v) CaCl, can be potentially used as the main component of the fugitive ink and the
cross-linking agent, respectively. Under this condition the cross-linked vascular tree pattern has a
fracture strength of approximately 85 kPa (lower than the theoretical fracture strength of 200 kPa)
and a cross-linking duration of approximately 4.5 minutes determined based on the casting of 0.5
mm thick alginate sheet, which is shorter than the printing time of 35 minutes in this study.
Although the strategy of increasing NaAlg concentration while decreasing CaCl, concentration
can also improve the mechanical property and slow the gelation rate of the alginate-based
fugitive ink, such an adjustment may affect the printability of the fugitive ink and the efficiency
of liquefying high-concentration alginate structures. Thus, an alternative strategy needs to be

explored.

Since the alginate-only fugitive ink doesn’t result in a strong enough tree pattern to survive
the post-treatment handling and rinsing process, Laponite XLG is added in to enhance the
mechanical strength of the alginate tree pattern. Besides being a support bath material, Laponite

can be used as a physical cross-linker to improve the mechanical properties of hydrogel

40-42

composites and is widely utilized in tissue engineering . Herein, biocompatible Laponite

40-42

XLG, one of the most common Laponite products , 1s selected to mix with the alginate

solution and further enhance its mechanical properties. When mixing with alginate, gel
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composites are formed by physical bonding, including hydrogen bonding as well as van der
Waals and ionic interactions between Laponite nanosilicate fillers and the alginate molecular

network ¥

. Such high surface interaction between alginate molecular chains and the
anisotropic, plate-like and higher aspect-ratio morphology of the Laponite nanosilicates results in
an increase of the mechanical properties of the alginate-Laponite composite. Accordingly, the
effects of Laponite XLG concentration on the mechanical properties of alginate samples are
studied, and the Young’s modulus and fracture strength are measured as shown in Figure 2¢. As
seen from Figure 2c, the addition of Laponite XLG leads to a significant increase in the Young’s
modulus and fracture strength, and the mechanical properties increase when the Laponite XLG
concentration increases. Specifically, the increase of fracture strength ranges from 1.6-fold to
3.5-fold when the Laponite XLG concentration increases from 1.0% to 4.0% (w/v). Considering
the maximum hoop stress (approximately 200 kPa) in the post-treatment process, 3.0% (w/v) is
selected as the final concentration of additive Laponite XLG, under which the fracture strength

of the alginate-Laponite XLG hydrogel composite is approximately 250 kPa, higher than the

maximum hoop stress.

In addition, Laponite XLG behaves as a rheological additive to enhance the printability of
alginate-based fugitive inks. The effect of Laponite XLG concentration on the viscosity is tested
by steady shear rate sweeps, and its results are shown in Figure 2d. With the increase of
Laponite XLG concentration, the viscosity increases, indicating that the extrudability of alginate-
Laponite hydrogel precursor composites with a higher Laponite concentration is better than those
with a lower Laponite concentration. In addition, the effect of Laponite XLG concentration on
the shear moduli is investigated using oscillatory frequency sweeps, and the results are illustrated

in Figure S5 (Supporting Information). As seen from Figure S5, it is found that the loss
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modulus of the pure alginate solution is higher than the storage modulus which verifies that the
alginate solution without Laponite XLG presents liquid-like property. After mixing with
Laponite XLG, both storage and loss moduli of alginate-Laponite hydrogel precursor composites
increase, and at lower frequencies the storage modulus is higher than the loss modulus, resulting

in a solid-like state of hydrogel precursor composites.

Furthermore, disodium hydrogen phosphate (Na,HPO,) is added into the alginate-based
fugitive inks too as a cross-linking retardation agent to tune the solidification process of the
alginate-based fugitive inks. When the ink composed of alginate and Na,HPOj, is extruded in the
Laponite—Ca2+ bath, Na,HPO, reacts with Ca®’ firstly (CaCl,+Na,HPO4—CaHPO4+NaCl) as the
cross-linking retardation step, and then the Ca”" cations are slowly released to react with alginate
chains to form an egg-box structure and finally become the gel state (alginate cross-linking step).
By varying the Na,HPO, concentration, the diffusion and gelation time of the mixed fugitive
inks are measured as shown in Figure 2e. With the increase of Na,HPO, concentration, the
diffusion and gelation time of alginate-based inks increases significantly. For verification,
vertical tubes are fabricated using the alginate-based inks with different Na,HPO, concentrations,
and the resulting tubes can be seen in the insets of Figure 2e. At the lower Na,HPO,
concentration (1.0% (w/v)), the outside surface of alginate-based filaments solidifies quickly
during printing. As a result, the subsequently deposited filament cannot fuse well with the
previous one, leading to the poor interfacial strength and further resulting in an aggregate of
continuous filaments after rinsing the residual Laponite. By increasing the Na,HPO4
concentration, the alginate gelation rate decreases gradually. Thus, the tube morphology changes

from a surface with pronounced interfacial lines (2.0% (w/v)) to a smooth surface (3.0% and 4.0%
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(w/v)). As aresult, 4.0% (w/v) is determined as the final Na,HPO, concentration for the cross-

linking retardation purpose during pattern printing.

As such, the fugitive ink is optimized as follows for the printing of vascular-like patterns in
the Laponite EP-Ca®" bath: 6.0% (w/v) alginate, 3.0% (w/v) Laponite XLG and 4.0% (w/v)
Na,HPO,. While the formula of the fugitive ink was determined based on the dimensions of the
vascular-like patterns in this study, the methodology to design fugitive inks can be applied to
optimize the composition of similar fugitive inks for broad applications of vascular network
fabrication. To evaluate the printing quality of alginate-based structures fabricated using the
proposed fugitive ink, a liquid filament is deposited in the Laponite EP bath without undergoing
solidification, and the effects of aqueous diffusion on the filament diameter and morphology
during the following 60 minutes are recorded as shown in Figure S6 (Supporting Information).
As seen from Figure S6 and its insets, the filament has the well-defined geometry and a
relatively smooth surface which is attributed to the nanoscale of Laponite EP particles as the
support bath material. While keep in the Laponite bath, the filament diameter only increases
slightly (from approximately 288 um to 312 um) during the observation period. That is because
the addition of Laponite XLG can physically cross-link with alginate molecular chains in
addition to the ionic cross-linking of alginate with Ca*" cations. From application wise, such a
dual cross-linking mechanism can effectively help maintain the deposited filament shape for a

long time and mitigate the effect of aqueous diffusion.

3.3. Investigation of molding materials. Besides the design of alginate-based fugitive inks
for pattern printing, molding material should also receive special attention. An ideal molding
material should have a proper solidification time to construct a mold with sufficient strength and

be easily removed after molding. Reversibly thermosensitive and biocompatible gelatin is
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selected as the molding material. Gelatin is derived from collagen and widely used for biological
applications, and its gelation time is a function of its concentration. Since the molding process is
performed at room temperature, the gelation rate of gelatin bath may affect its implementation
significantly, and the gelation time needs to be long enough to avoid early gelation of the gelatin
bath. As a result, the gelation time of gelatin at different concentrations is measured at room
temperature and shown in Figure 3a. As seen from Figure 3a, it is found that with the increase
of concentration, the gelation time decreases significantly. After removing the alginate-based
vascular tree pattern in the solidified gelatin, the gelatin core (Figure 1c¢-3) must be self-
supporting to form a gelatin mold with well-defined geometry. As a result, it is also necessary to
evaluate the mechanical properties of gelatin at different concentrations. Considering the stress
condition in gelatin mold, uniaxial compression tests are performed herein, and the compression
modulus and fracture strength are measured and shown in Figure 3b and Figure S7 (Supporting
Information). From Figure 3a and b, we find that the higher concentration gelatin (e.g. 15%
(w/v)) has much better mechanical properties but a shorter gelation time, while the lower
concentration gelatin (e.g. 5% (w/v)) has a longer gelation time but poor mechanical properties.
As such, we use 10% (w/v) gelatin to make the mold due to its acceptable mechanical properties

and suitable gelation rate.

3.4. Investigation of liquefaction agents. After the gelatin molding process is complete,
pattern removal is accomplished by using sodium citrate to liquefy the alginate pattern to make a
gelatin mold with networked annual channels. First, the effect of sodium citrate concentration on
the liquefaction rate is investigated by monitoring the weight loss of the mold samples made by
the proposed alginate-based fugitive ink, and the result is illustrated in Figure 3¢. As seen from

Figure 3c, it is found that sodium citrate solutions with higher molar concentration lead to the
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rapid liquefaction of alginate-based structures. However, the geometry of gelatin molds may also
be affected by sodium citrate during alginate liquefaction. As such, the geometry variations
including the radial and axial geometrical changes of cylindrical gelatin samples are investigated
as a function of the molar concentration of sodium citrate, and the result is shown in Figure 3d.
As seen from Figure 3d, it is found that gelatin samples swell in sodium citrate baths and the
higher sodium citrate concentration results in the relatively smaller geometrical variation. Such
gelatin swelling is caused by the water diffusion into the gelatin sample which is driven by the
osmotic pressure. Based on the Morse equation, the osmotic pressure (/) can be predicted by
II=RTC, where R is the gas constant, 7 is the thermodynamic temperature and C is the water
molar concentration. In sodium citrate solutions with higher molar concentration, C is relatively
low which leads to a lower osmotic pressure. Since the water cannot easily diffuse into the
gelatin sample, the resulting geometrical variation of the gelatin sample is relatively small. By
considering both the liquefaction rate and geometrical variation, we use 0.220 mol/L sodium

citrate to liquefy the alginate pattern in the solidified gelatin molds.

3.5. Fugitive vascular pattern printing and gelatin mold fabrication. Based on the
aforementioned fabrication knowledge, cell-laden standalone collagen vascular network
scaffolds are further fabricated. First, a vascular tree pattern is printed in the Laponite EP-Ca®"
bath using the fugitive ink as shown in Figure 4a and Movie M1 (Supporting Information).
During printing, the interfacial overlap (or the step size in the printing directions) of two adjacent
layers affects their interfacial strength. During branched section printing, the interfacial overlap
between adjacent layers (Figure S8c of Supporting Information) is smaller than that during
vertical section printing (Figure S8b of Supporting Information) due to the given step distance

along the z direction. To address this challenge, the filament diameter should vary during the
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printing of different sections to ensure the desirable interfacial overlap (Figure S8d of
Supporting Information). Since the diameter of extruded filaments is a function of operating
conditions as well as rheological properties of both the support bath and liquid build material *%,
herein the effect of path speed (one of the main operating conditions) on the filament diameter is
measured (Figure S8e of Supporting Information). Two different path speeds (v,; and v,,) are
utilized to print the vertical and branched sections of the vascular tree patterns, respectively
under which the interfacial overlap between adjacent filaments can be a constant as shown in
Figure S8f (Supporting Information). After solidification in the Laponite bath, the gelled
vascular tree pattern is harvested from the bath, and the residual Laponite on the surface and in
the lumen is rinsed by pipetting DI water through the lumen in a DI water bath as shown in
Movie M2 (Supporting Information). The Laponite-free vascular tree pattern and its lumen
morphology are imaged as shown in Figure 4b and its insets. To further prove that the residual
Laponite in the network lumen is completely removed, DI water with red dye is pipetted through
the lumen as shown in Figure 4c and Movie M3 (Supporting Information). Finally, a
comparison between the 3D model and 3D printed vascular tree pattern is included in Figure S9

(Supporting Information) to demonstrate the print fidelity of the alginate-based pattern printed

in the Laponite EP bath.

Then, the alginate-based vascular tree pattern is submerged in a gelatin bath at 37 °C and
embedded to form a vascular pattern-encapsulated gelatin mold at room temperature as shown in
Figure 4d. One end of the vascular pattern-encapsulated gelatin mold is cut open as the sodium
citrate inlet to liquefy the alginate-based pattern and to expose the annular channels as shown in
the insets of Figure 4d. After submerging the mold in a sodium citrate bath for two days as

shown in Figure 4e, the alginate-based pattern is gradually liquefied, and the gelatin mold with
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the annular channels is fabricated by pipetting out the liquefied pattern as shown in Figure 4e-1.
DI water with red dye can be pipetted into the annular channels to check whether the alginate-
based pattern is completely liquefied or not, as seen in Figure 4e-2 by visually comparing with

the design of the vascular tree pattern.

3.6. Standalone cell-laden collagen vascular network scaffold casting and cell-related
investigation. Finally, cell-laden collagen suspension is injected in the gelatin mold by carefully
pipetting to uniformly fill the annular channels, resulting in the standalone cell-laden collagen
vascular network scaffold. The neutralized collagen solution is gradually cross-linked at room
temperature. To avoid unnecessary evaporation of the cell-laden collagen suspension during
cross-linking, the filled gelatin mold is submerged in a Dulbecco’s Modified Eagles Medium
(DMEM) bath as shown in Figure 5a. After chemical cross-linking in the gelatin mold, the
standalone cell-laden collagen vascular network scaffold is released from the gelatin mold by
submerging in a DMEM bath at 37 °C as shown in Figure Sb. The resulting standalone vascular
network scaffold can be seen in Figure Sc and its inset. To verify the vascular network scaffold
with the lumens, two cross sections (one in the branched section and another in the vertical
section) along the vascular network scaffold are selected, cut, and imaged using microscopy, and
the results are shown in Figure 5c-2 and c-3. The wall thicknesses of the branched and vertical
sections are measured as 0.81 mm and 0.92 mm, respectively, which verifies the uniformity of
the wall thickness across the collagen vascular network scaffold. The wall thicknesses are close
to the designed value of 0.80 mm. In addition, the dimensions of the collagen vascular network
scaffold are measured and shown in Figure S10 (Supporting Information) to demonstrate the
dimensional fidelity of the proposed hybrid fabrication approach. Cell viability and spreading in

the collagen vascular network scaffold is investigated as shown in Figure 5d. After releasing
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from the gelatin mold, fluorescent dyes are used to mark all the cells and living cells in the
collagen vascular network scaffold as shown in Figure 5d-1. As seen from Figure 5d-1, most of
the cells are alive in the collagen vascular network scaffold. After three-day incubation, the cells
spread and proliferate as shown in Figure 5d-2 and its inset. To prove the cell-compatibility of
the proposed fabrication approach, 3-day cell viability is tested and illustrated in Figure Se. The
cell viability is higher than 90% after the 3-day incubation. Since the cell-laden collagen
construct is fabricated by casting instead of extrusion printing, the shear stress-induced cell

4
damage *°

commonly occurring in extrusion can be effectively mitigated, resulting in the
relatively high cell viability *’. Finally, the metabolic activity of cultured cells in the collagen
vascular network scaffold is investigated by monitoring alamarBlue reduction after 1, 2, and 3
days, and the result is shown in Figure 5f. The cells in the collagen vascular network scaffold

grow well and proliferate during the 3-day incubation period, indicating the excellent bioprinting

feasibility of the proposed hybrid printing-then-casting approach.

4. CONCLUSIONS

In summary, we propose a hybrid printing-then-casting approach to fabricate standalone cell-
laden collagen vascular networks/vascular network scaffolds. The Laponite support bath-enabled
3D printing approach is used to fabricate the vascular tree pattern in the support bath. The
alginate-based fugitive ink with the excellent mechanical strength (by adding Laponite),
printability (by adding Laponite), and controllable gelation rate (by adding disodium hydrogen
phosphate) is investigated, which can further be used to print other complex structures as
patterns in the Laponite support bath. In addition, the gelation time and mechanical properties of

gelatin as the thermally reversible molding material are studied. Moreover, the effect of sodium
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citrate on the liquefaction rate and geometrical variation is systemically investigated to
effectively remove the alginate-based pattern and fabricate the vascular pattern-encapsulated
gelatin mold. Finally, the standalone cell-laden collagen vascular network scaffolds are
successfully fabricated using the proposed hybrid approach. The 3T3 fibroblast-based cell-
related investigations indicate that the cells grow and spread well in the pure collagen vascular
network scaffolds, and in the future human smooth muscle cells will be used to fabricate
standalone cellular vascular networks. It is noted that the fabrication of 3D complex structures
using difficult-to-print materials, which are defined as liquid materials with low viscosity, long
gelation time and poor mechanical property, is always a challenge for conventional 3D printing
techniques. The proposed hybrid approach provides a feasible technology to fabricate such
difficult-to-print materials. While the fabricated vascular networks only have one cellular layer
(as the media), other cells can be seeded to be the intima layer and cast over the standalone
collagen networks to be the adventitia layer, resulting in three-layered vascular constructs to
mimic blood vessels in the future. It is noted that the dimensional limitations of vascular
networks/vascular network scaffolds, such as the minimum lumen diameter, wall thickness, and
size of vascular networks/vascular network scaffolds, fabricated by the proposed hybrid
approach are influenced by different factors including the minimum filament diameter,
mechanical property of vascular networks/vascular network scaffolds, feasibility of removing
residual Laponite from vascular tree patterns, and feasibility of injecting cell-laden collagen
suspensions in gelatin molds, to name a few. For this study, the collagen vascular network
scaffolds have been designed and fabricated with a wall thickness of 0.80 mm based on the
diffusion limitation from both sides, which has been proven feasible with the material selection

and fabrication protocol herein. Future work should study the achievable dimension range during

25



vascular network/vascular network scaffold fabrication based on the realistic blood vessel
anatomy, available materials, and printing conditions during vascular network/vascular network

scaffold fabrication.
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Figure 1. Schematic of hybrid printing-then-casting approach. a) Alginate vascular tree pattern
printing in Laponite EP-calcium chloride bath. Molding: bl) embedding calcium alginate
vascular tree pattern in liquid gelatin bath and b2) gelatin gelation. c) Gelatin mold fabrication
with annular channels using sodium citrate. d) Vascular or vascular-like collagen construct
fabrication by casting collagen precursor in gelatin mold and harvesting by melting gelatin mold

at higher temperature.
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Figure 2. Design of alginate-based fugitive inks. a) Stress analysis in thick-walled tube. b) Phase
Diagram for concentration selection of NaAlg and CaCl, solutions. ¢) Effects of Laponite XLG
concentration on the mechanical properties of alginate-based vascular tree patterns. d) Effects of
Laponite XLG concentration on the viscosity of alginate-based fugitive inks. e) Effects of
Na,HPO, concentration on the diffusion and gelation time of alginate-based fugitive inks. (Scale
bars: 2.0 mm, and error bars: plus/minus one sigma)
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Figure 3. Characterization of gelatin as molding material and sodium citrate as liquefaction
agent. a) Gelation time as a function of gelatin concentration. b) Mechanical properties as a
function of gelatin concentration. ¢) Liquefaction rate as a function of submerging time in
sodium citrate bath with different molar concentrations. d) Radial and axial geometry variation

of gelatin samples in sodium citrate bath with different molar concentrations. (Error bars:
plus/minus one sigma)
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Figure 4. Printing of vascular tree pattern and fabrication of gelatin mold. a) Alginate-based
vascular tree pattern printing in Laponite EP-Ca2+ bath. b) Gelled Laponite-free alginate-based
vascular tree pattern after collecting from Laponite EP bath and rinsing residual Laponite on
surface and in lumen. ¢) Pattern testing by pipetting DI water with red dye. d) Gelatin molding
using alginate-based vascular tree pattern. e) Alginate-based vascular tree pattern liquefaction in
sodium citrate bath and resultant gelatin mold with annular channels e-1) and e-2). (Scale bars:
2.0 mm for a) b) and ¢) and 4.0 mm for d) and e))
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Figure 5. Standalone cell-laden pure collagen vascular network scaffold fabrication and cell-
related investigation. a) Neutralized cell-laden collagen suspension cross-linking in gelatin mold.
b) Cross-linked cell-laden collagen vascular network scaffold releasing from gelatin mold in
DMEM bath at 37 °C. c¢) Released standalone cell-laden collagen vascular network scaffold and
its cross-section images (c-2) branched section and c-3) vertical section). d) Fluorescent images
at d-1) Day 0 and d-2) Day 3. e) Cell viability after 3-day incubation. f) Metabolic activity of
cultured cells in collagen vascular network scaffold. (Error bars: plus/minus one sigma)
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A fugitive vascular tree pattern-based printing-then-casting approach is proposed and

investigated to fabricate standalone cell-laden collagen vascular networks/vascular network

scaffolds. Patterns for molding are printed using an alginate-based fugitive ink which has good

printability and a tunable cross-linking rate and results in patterns with good mechanical strength.

Standalone cell-laden collagen vascular network scaffold can be fabricated by casting cell-laden

collagen suspension into a gelatin mold, which is molded using printed fugitive patterns, and

releasing it from the mold at 37°C.
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